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The generation of replication-competent measles virus (MV) depends on the incorporation of biologically
active, fusogenic glycoprotein complexes, which are required for attachment and penetration into susceptible
host cells and for direct virus spread by cell-to-cell fusion. Whereas multiple studies have analyzed the
importance of the ectodomains of the MV glycoproteins hemagglutinin (H) and fusion protein (F), we have
investigated the role of the cytoplasmic tails of the F and H proteins for the formation of fusogenic complexes.
Deletions in the cytoplasmic tails of transiently expressed MV glycoproteins were found to have varying effects
on receptor binding, fusion, or fusion promotion activity. F tail truncation to only three amino acids did not
affect fusion capacity. In contrast, truncation of the H cytoplasmic tail was limited. H protein mutants with
cytoplasmic tails of <14 residues no longer supported F-mediated cell fusion, predominantly due to a decrease
in surface expression and receptor binding. This indicates that a minimal length of the H protein tail of 14
amino acids is required to ensure a threshold local density to have sufficient accumulation of fusogenic H-F
complexes. By using reverse genetics, a recombinant MV with an F tail of three amino acids (rMV-FcA30), as
well as an MV with an H tail of 14 residues (rMV-HcA20), could be rescued, whereas generation of viruses with
shorter H tails failed. Thus, glycoprotein truncation does not interfere with the successful generation of
recombinant MYV if fusion competence is maintained.

One of the major obstacles in the development of recombi-
nant measles viruses (rMV) carrying either altered MV glyco-
proteins or foreign glycoproteins is the necessity of preserving
the biological activities of the surface proteins required for
efficient virus replication (7, 12, 16, 40, 46, 47, 52). Therefore,
it is crucial to identify important protein domains that are
essential for biological activities. The MV surface glycoprotein
complex is composed of two integral membrane proteins, the
hemagglutinin (H) and the fusion (F) protein. The H protein is
a type II membrane protein which is assumed to exist at the
viral envelope or on the surfaces of infected cells as a tetramer
of two covalently linked dimers (26). H is responsible for bind-
ing to host cells carrying a suitable receptor, such as CD46 or
SLAM, and is an essential cofactor for virus-induced mem-
brane fusion (9, 11, 23, 25, 30, 49, 55). The F protein is a type
I membrane protein with an N-terminal ectodomain that has to
be cleaved into the F1 and F2 subunits to allow pH-indepen-
dent fusion (22). Cleaved F trimers have to interact with H
oligomers to constitute biologically active MV glycoprotein
complexes. Membrane-proximal regions in the ectodomains of
both proteins appear to be involved in the formation of these
fusogenic H-F complexes (15, 56). Whereas the importance of
the ectodomains of the glycoproteins for receptor binding ac-
tivity, fusion activity, and the formation of fusogenic complexes
has been intensively studied (2, 3, 14, 15, 20, 26, 36, 40, 41, 53,
54), the importance of the cytoplasmic domains for these bio-
logical properties is not well understood.

The cytoplasmic tails of the glycoproteins are clearly in-
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volved in virus assembly, since they bind to the matrix protein,
which acts as a bridge between the virus envelope and the viral
nucleocapsid (5, 29, 34, 47). Subacute sclerosing panencepha-
litis (SSPE) MYV strains, which often have altered glycoprotein
tails, and rMV resembling these naturally occurring SSPE
strains were shown to be defective in virus assembly (7, 8).
Furthermore, tail alterations may affect the fusion competence
of the MV glycoproteins. We have reported recently that a
tyrosine-dependent sorting signal in the respective cytoplasmic
tails directs both the H and the F proteins to the basolateral
surfaces of polarized epithelial cells. Only cells expressing both
proteins on the basolateral side were able to fuse with neigh-
boring cells. Alteration of the critical tyrosines in either of the
two glycoproteins did not affect fusion competence in nonpo-
larized cells but completely prevented fusion of epithelial cells
(24, 27). Cathomen et al. (7) observed positive and negative
effects on fusion activity by shortening the cytoplasmic tails of
the F or H protein. Viruses having either a truncated F tail (24
of the 33 C-terminal amino acids deleted; designated FcA24)
or a truncated H tail (14 of the 34 N-terminal amino acids
deleted; designated HcA14) showed enhanced fusion compe-
tence due to a defective glycoprotein M interaction. Unlike
HcA14, H protein with a cytoplasmic domain of only 10 amino
acids (HcA24) did not allow rMV rescue. Although surface
expression appeared not to be reduced, HcA24 did not support
fusion (7). From these results, it has been concluded that
membrane-proximal sequences (>10 but <20 amino acids) in
the MV H cytoplasmic tail are directly involved in the fusion
process.

In this study, we define the minimal length of the cytoplas-
mic domains that still support fusogenic activity of MV glyco-
protein complexes and thereby the minimal requirements for
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the successful generation of recombinant MV. We found that
the F tail can be reduced to 3 residues, whereas the H tail must
have a minimal length of 14 amino acids. Further truncation of
the H tail affected the expression level of the H protein. In
contrast to conclusions drawn from earlier data, our results
clearly indicate that the membrane-proximal sequences are not
directly involved in fusion promotion activity but that (i) the H
tail is predominantly required to ensure sufficient protein ex-
pression and surface transport of H and (ii) the total length
and not the N-terminal sequence determines the expression
level.

(This work was done in partial fulfillment by M.M. of the
requirements for a Ph.D. degree from Philipps-Universitit
Marburg.)

MATERIALS AND METHODS

Cell culture. Vero cells (African green monkey kidney cells) were grown in
Dulbecco’s modified minimal essential medium (DMEM; Gibco-BRL) supple-
mented with 10% fetal calf serum (FCS; Gibco-BRL), 100 U of penicillin/ml, and
100 pg of streptomycin/ml. BJAB cells (human B lymphocytes) were grown in
RPMI 1640 medium (Gibco-BRL) supplemented with 10% FCS, penicillin, and
streptomycin. Helper cell line 293-3-46 (human embryonic kidney cells) was
maintained in DMEM containing 1 mg of G418/ml. These cells stably express
MYV nucleoprotein (NP) and phosphoprotein (P), as well as T7 RNA polymerase
37).

Plasmid construction and site-specific mutagenesis. Cloning of the viral gly-
coprotein (H and F protein) genes into the expression vector pCG under the
control of the cytomegalovirus early promoter has been described previously (6).
Truncated H protein (HcA15-HcA24) genes were prepared by introduction of
site-specific deletions with complementary primers into the double-stranded
pCG plasmids using the Quikchange site-directed mutagenesis kit (Stratagene).
Mutagenic oligonucleotide primers were arranged to bind with 21 to 24 bases on
both sites of the sequence being deleted. Clones encoding HcA21-A, HcA24-4A,
HcA26-6A, or HcA30-10A were constructed by insertion of nucleotides directly
after the initial methionine: GCT into the plasmid pCG-HcA21, GCTGCCGC
AGCG into pCG-HcA24, GCTGCCGCAGCGGCCGCA into pCG-HcA26, or
GCTGCCGCAGCGGCCGCAGCAGCTGCTGCG into pCG-HcA30. The
FcA30 gene was generated by introducing a premature translational stop codon
by mutation at nucleotide position 2900 (T to A).

For the generation of recombinant MV, the plasmid p(+)MVNSe (46) carry-
ing the full-length MV Edmonston B-based genome was used. Plasmids
p(+)MV-HcA20, p(+)MV-HcA22, and p(+)MV-HcA24 were constructed by
ligation of a Pacl-Spel fragment containing the mutated H gene from the re-
spective pCG plasmid into p(+)MVNSe. To construct a full-length MV genome
with the F tail truncation mutant (FcA30), the F gene was mutagenized in the
shuttle vector peF1 (37). A Narl-Pacl fragment containing the mutated F gene
was subcloned into p(+)MVNSe. All mutated full-length antigenomes abide by
the rule of six. The sequences of all constructs were confirmed by dideoxy
sequencing.

Fusion assays. Vero cells were cotransfected with 2.5 ug of plasmid DNA
encoding MV Edmonston H (MV Hgg,,,) or MV H truncation mutants and 2.5
wg of plasmid DNA encoding MV Fg,,, by using the cationic lipid transfection
reagent Lipofectamine 2000 (Gibco-BRL), following the instructions of the sup-
plier. At 24 h posttransfection, the transiently expressing cells were fixed with
ethanol and stained with 1:10-diluted Giemsa’s staining solution. To quantify the
fusion helper activity of the H truncation mutants, four randomly chosen micro-
scopic fields for each sample were photographed. The number of nuclei in single,
nonfused cells and the number of nuclei in syncytia were counted and averaged.
The relation of the total number of nuclei and the number of nuclei in syncytia
per microscopic field indicated the percent fusion.

Surface biotinylation and Western blot analysis. At 24 h posttransfection,
transiently expressing Vero cells were washed three times with cold phosphate-
buffered saline (PBS) containing 0.1 mM CaCl, and 1 mM MgCl, and incubated
twice for 20 min at 4°C with 2 mg of sulfo-N-hydroxysuccinimidobiotin (Pierce)/
ml. After biotinylation, the cells were washed once with cold PBS containing 0.1
M glycine and three times with cold PBS. The cells were lysed in 0.5 ml of
radioimmunoprecipitation assay buffer (1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, 0.15 M NaCl, 10 mM EDTA, 10 mM iodoacetamide, 1 mM
phenylmethylsulfonyl fluoride, 50 U of aprotinin/ml, 20 mM Tris-HCI, pH 8.5)
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followed by centrifugation for 20 min at 100,000 X g. The supernatant was
immunoprecipitated with the H-specific monoclonal antibody K83 at a final
dilution of 1:100. After the addition of 20 ul of a suspension of protein A-
Sepharose CL-4B (Sigma, Deisenhofen, Germany), the immunocomplexes were
washed three times with radioimmunoprecipitation assay buffer, suspended in
reducing sample buffer for SDS-polyacrylamide gel electrophoresis (PAGE), and
divided into two aliquots. Following separation on a 10% polyacrylamide gel, the
proteins were blotted to nitrocellulose by the semidry-blot technique. Nonspe-
cific binding sites were blocked by 5% nonfat dry milk in PBS. Biotinylated cell
surface H proteins were detected by incubation with a streptavidin-biotinylated
horseradish peroxidase complex (Amersham Pharmacia Biotech) diluted 1:2,000
in PBS. Total cellular H protein was detected by using a polyclonal MV anti-
serum (1:1,000) and horseradish peroxidase-conjugated swine anti-rabbit immu-
noglobulin G (IgG) (1:5,000; DAKO, Roskilde, Denmark). Proteins were visu-
alized with the enhanced chemiluminescence system (Amersham Pharmacia
Biotech) by exposure to an autoradiography film (Kodak BIOMAX).

Metabolic labeling. At 20 h posttransfection, Vero cells grown in six-well tissue
culture plates were incubated for 30 min in DMEM lacking cysteine and methi-
onine and then metabolically labeled by incubation with the same medium
containing [**S]cysteine and [**S]methionine (Promix; Amersham) at a final
concentration of 100 wCi/0.5 ml for 10 to 45 min. Subsequently, labeling medium
was replaced by chase medium containing 5% FCS, and the cells were incubated
at 37°C for various times. After being radiolabeled, H proteins were immuno-
precipitated as described above and subjected to SDS-PAGE. The dried gels
were quantified using an imaging system (BioImager; Perkin-Elmer) and then
exposed to Kodak BIOMAX films.

Flow cytometry. Vero cells grown on 60-mm-diameter culture dishes were
transfected with plasmids encoding H truncation mutants. At 24 h posttransfec-
tion, the cells were detached from the dish by treatment with 0.25% trypsin—1
mM EDTA, washed with PBS, and incubated with the H-specific monoclonal
antibody K83 for 1 h at 4°C. Fluorescein-conjugated goat anti-mouse IgG
(DAKO) was used as the secondary antibody. After suspension in 1 ml of PBS,
the fluorescence intensity of 10,000 cells was measured by a FACScan flow
cytometer (Becton Dickinson).

Hemadsorption assay. At 24 h posttransfection, Vero cells transiently express-
ing standard or mutant MV H proteins were washed twice with PBS and incu-
bated for 1 h at 37°C with a 1% suspension of African green monkey red blood
cells (RBC). After unadsorbed RBC were removed by repeated washings with
cold PBS, the cells were observed and photographed under an inverted light
microscope. To quantify the hemadsorption, bound erythrocytes were lysed with
distilled water, and the adsorbance value of released hemoglobin was measured
at 540 nm.

Virus rescue and preparation of recombinant-virus stocks. Transfection and
rescue of MV were performed as described previously (37). Briefly, 293-3-46
helper cells mediating both artificial T7 transcription and NP and P functions
were transfected with 5 pg of either p(+)MVNSe, p(+)MV-HcA20, p(+)MV-
HcA22, p(+)MV-HcA24, or p(+)MV-FcA30 and 10 ng of plasmid encoding the
MYV polymerase (pEMC-La) using the calcium phosphate transfection proce-
dure. After reaching confluence, the cell monolayers were expanded from 35-
mm-diameter wells to 100-mm-diameter dishes and subsequently transferred to
Vero cells. The cultures were regularly examined for syncytium formation. The
viruses were harvested when they showed 80 to 90% cytopathic effects (CPEs).
Virus stocks were produced following plaque purification. The identity of the
rescued viruses was confirmed by reverse transcription-PCR followed by dideoxy
sequencing.

Virus infection and plaque assay. Virus growth characteristics were analyzed
by infecting confluent Vero cells in 35-mm-diameter dishes with either IMV g,
rMV-FcA30, or rMV-HcA20 at a multiplicity of infection (MOTI) of 0.001. After
incubation with virus for 1.5 h at 37°C, the inocula were removed, the cells were
washed three times with PBS, and cultures were grown in DMEM containing 2%
FCS at 33°C. At various times postinfection (p.i.), cell-free virus was prepared by
clarifying cell supernatants by centrifugation, and cell-associated virus was re-
covered by scraping the cells into OptiMEM followed by one round of freezing
and thawing. Virus titers were determined by plaque assay. Plaque assays were
carried out with Vero cells in 35-mm-diameter wells. After 1.5 h of virus adsorp-
tion, the inoculum was removed and the cells were overlaid with 3 ml of DMEM
containing 2% FCS and 0.8% Bacto Agar (Difco). After 4 days, the agar overlay
was removed and the cells were fixed with formalin and stained with crystal violet
to determine the number and size of the plaques.

Confocal double immunofluorescence. Vero cells were grown on coverslips
and infected with tMV for 30 h p.i. at 33°C. To prevent disruption of the cell
architecture due to extensive syncytium formation, a fusion-inhibitory peptide
was added to the infected cells (54). Without prior fixation, the cells were
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HcAl9 M SRIVINREHLMIDR PYVL
HcA20 M RIVINREHLMIDR PYVL
HcA21 M TVINREHIMIDR PYV1,
HeA22 M VINREHLMIDR PYVL
HcA23 M INREHLMIDR PYVL,
HeA24 M NREHLMIDR PYVL
HcA21+A M ATVINREHLMIDR PYVL
HcA24+4A M AAAANREHIMIDR PYVL
HcA26+6A M AAAAAARHIMIDR PYVI,
HCA30+10A M AAAAAAAAAAIDR PYVL

FIG. 1. Schematic diagram of cytoplasmic domains of standard and
mutant F and H proteins of MV (Edmonston strain). The vertical line
separates the transmembrane sequences (TM) from the cytoplasmic
domains (CD).

incubated for 1 h at 4°C with PBS containing 0.3% bovine serum albumin and a
monoclonal antibody directed against the F protein (A504) or directed against
the H protein (K83). After extensive washing with PBS, bound antibodies were
detected with rhodamine-labeled anti-mouse IgG (Dianova, Hamburg, Germa-
ny). After permeabilization with methanol-acetone (1:1) and blocking with 5%
normal mouse serum for 30 min at room temperature, the cells were incubated
with a fluorescein isothiocyanate (FITC)-labeled monoclonal antibody directed
against the M protein (MAb 8910; Chemicon, Temecula, Calif.) for 1 h at 4°C.
Labeling of the antibody with FITC (Sigma) was performed as described by the
manufacturer. The samples were mounted in Mowiol (Hoechst, Frankfurt, Ger-
many) and 10% 1,4-diazabicyclo(2,2,2)octane (Sigma) and examined using a
confocal laser scanning microscope (Carl Zeiss, Oberkochem, Germany).

RESULTS

Expression of cytoplasmic-tail truncation mutants of MV
glycoproteins. To investigate the impact of F and H cytoplas-
mic-tail truncations on the generation of replication-compe-
tent MV, several truncation mutants were constructed by PCR-
based mutagenesis. Figure 1 shows a schematic representation
of the various mutants with shortened cytoplasmic tails used in
this study. A mutant F protein with a truncation of 24 amino
acids identified in an MV SSPE strain (FcA24) was described
as being fusion competent and allowing the generation of MV
(7). Since the FcA24 cytoplasmic tail with nine residual amino
acids is almost as long as the natural cytoplasmic tails of other
type I membrane proteins, such as the influenza HA protein
(45), it might be long enough to bind intracellularly to other
cellular or viral components, influencing the biological activity
of the MV F protein. To rule out this possibility, we further
truncated the protein. Because the transmembrane domain of
a type I integral membrane protein is usually followed by two
charged residues, we completely deleted the F cytoplasmic tail
except for the three membrane-proximal residues, RGR,
thereby ensuring stable integration in the membrane. The re-

Fca30 FcA30+Hg,,

FIG. 2. Cell fusion induced by standard and truncated F proteins.
Vero cells were transfected with the standard F gene (Fgq,,) or with
FcA30 alone or in combination with the standard H gene (Hggyp,). At
24 h posttransfection, the cells were fixed and stained with Giemsa’s
staining solution. Magnification, X 100.

sulting truncation mutant was designated FcA30. To elucidate
the importance of the H cytoplasmic tail, a series of truncated
H genes was constructed. Cathomen et al. (7) reported that
rMV encoding an H protein with a deletion of the 14 N-
terminal residues could be rescued whereas a deletion of 24
amino acids did not allow the generation of rMV. Therefore,
we constructed genes encoding H proteins with progressive
N-terminal deletions from 15 (HcA15) up to 24 amino acids
(HcA24). All of the truncation mutants were cloned into the
eucaryotic expression vector pCG and transfected into Vero
cells. Surface expression of the proteins was analyzed by im-
munostaining of living cells using monoclonal antibodies di-
rected against either the F or the H protein. Bright fluores-
cence signals on the surfaces of the transfected cells were
observed for all mutants, indicating that all truncation mutants
were expressed on the cell surface (data not shown).

FcA30 is fusion competent. To determine whether FcA30
can mediate membrane fusion, Vero cells were transfected
with pCG-Fgg,, or pCG-FcA30 either alone or in combination
with a standard H protein (pCG-Hpgg,,). The cells were fixed
and stained 24 h posttransfection. As shown in Fig. 2, mutant
and standard F proteins were not able to mediate fusion in the
absence of H, whereas both proteins induced cell-to-cell fusion
with similar efficiencies when coexpressed with standard H
protein. Thus, F protein can mediate cell fusion regardless of
whether it has a full-length or a truncated cytoplasmic domain.
This indicates that the F protein needs only its extracellular
domain and its transmembrane region for the formation of
oligomers, proteolytic cleavage, cell surface transport, and in-
teraction with the H protein.

The membrane-proximal 14 amino acids of the H tail are
required for fusion helper function. To assess the competence
of truncated H proteins to support F-mediated fusion, Vero
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FIG. 3. Fusion of Vero cells transiently expressing standard and truncated H proteins. (A) Cells were transfected with pCG-Fgg, in
combination with a plasmid containing standard H or truncated H genes (Hgg,,, or HcA15 to HcA24). At 24 h posttransfection, the cells were fixed
and stained with Giemsa’s staining solution. Magnification, X100. (B) Syncytium formation (% cell fusion) was quantified as described in Materials

and Methods. The error bars indicate standard deviation.
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FIG. 4. Cell fusion induced by truncated H proteins with mutations at the N terminus. (A) Syncytium formation in Vero cells transiently
expressing standard F protein in combination with truncated H proteins (HcA20, HcA21, and HcA24) or truncated H proteins elongated by the
addition of alanines at the N terminus (HcA21-A, HcA24-4A, HcA26-6A, and HcA30-10A) was visualized at 24 h posttransfection by Giemsa
staining. Magnification, X100. (B) Quantification was performed as described in Materials and Methods. The error bars indicate standard

deviation.

cells were transfected with the standard F gene (pCG-Fpg,,) in
combination with pCG-Hgg,,, pCG-HcAl5, pCG-HcAl6,
pCG-HcA17, pCG-HcA18, pCG-HeA19, pCG-HcA20, pCG-
HcA21, pCG-HcA22, pCG-HcA23, or pCG-HcA24. At 24 h
posttransfection, the cells were fixed and stained with Giemsa’s
staining solution. Figure 3 shows that all H proteins with cy-
toplasmic tails of 14 or more amino acids (from HcA1l5 to
HcA20) promoted extensive fusion similarly to standard H
protein (Hggn). In contrast, HeA21, HcA22, HcA23, and
HcA24 did not support prominent syncytium formation. Quan-
tification of the cell fusion (see Material and Methods) showed

that HcA21, HcA22, HcA23, and HcA24 induced fusion of less
than 30% of the cells whereas standard H protein and the
other truncation mutants mediated 80% cell fusion (Fig. 3,
bottom). This clearly indicates that the fusion helper function
of H is severely affected if the H tail contains less than the 14
membrane-proximal amino acids.

Cell fusion involves both mixing of the outer leaflet mem-
brane lipids (hemifusion) and mixing of the aqueous contents
of donor and recipient cells (17). To analyze whether H tail
mutants that are defective in the promotion of complete fusion
can support hemifusion, we tested the ability of Vero cells
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FIG. 5. Surface expression of standard and mutant H proteins. Vero cells were transfected with the indicated H genes. At 24 h posttransfection,
mock- and H-transfected cells were stained for surface expression by using an H-specific antibody and subsequently analyzed by FACS scanning.

expressing F in combination with H truncation mutants to fuse
with target cells (BJAB cells) preloaded with the lipid dye R18.
After a 1-h incubation, the dye was still retained in the mem-
branes of target cells when overlaid on cells expressing HcA21,
HcA22, HcA23, or HcA24, whereas the dye rapidly spread to
cells expressing standard H protein or HcA20 (not shown).
This clearly indicates that shortening of the H tail to <14
amino acids prevents the mixing of the outer membrane leaf-
lets and thus interferes with an early step in the fusion process.

Importance of the sequence of the H cytoplasmic tail for
fusion helper function. We wanted to determine whether spe-
cific sequences in the H tail are required for fusion promotion
activity. Therefore, we constructed four H genes with a mini-
mal cytoplasmic tail of 14 amino acids in which either 1, 4, 6,
or 10 of the N-terminal residues were replaced by alanines.
The resulting proteins had the sequence M-AIVI (HcA21-A),
M-AAAA (HcA24-4A), M-AAAAAA (HcA26-6A), or M-AA
AAAAAAAA (HcA30-10A) (Fig. 1). Coexpression of these
mutants with standard F protein clearly showed that HcA21-A
and HcA24-4A, but not HcA26-6A and HcA30-10A, support
fusion similarly to HcA20 (Fig. 4). This demonstrates that in an
H protein with a minimal cytoplasmic tail of 14 residues, only
the four N-terminal amino acids can be exchanged without
affecting the ability to promote fusion.

Surface expression of H truncation mutants. Although all
truncation mutants showed bright immunofluorescent surface
staining (not shown), the possibility that slight differences in
the surface expression level existed which could be responsible
for the differences in fusion helper function could not be ruled
out. To assess this possibility, flow cytometry was performed
(Fig. 5). The results in Table 1 show that the numbers of cells
expressing the different truncation mutants were comparable
(Table 1, positive cells). In contrast, the geometric mean levels
of fluorescence intensity, representing the average amount of
surface-expressed H protein, differed noticeably among the

mutants (Table 1, cell surface expression). The surface expres-
sion levels of HcA21 and HcA24 (compared with that of the
standard Hgg,,, set as 1.00) were 0.62 and 0.63, respectively.
To test whether the reduced surface expression was due to
an intracellular retention of H or to intracellular degradation
of the protein, the amounts of intracellular and surface-ex-
pressed proteins were compared. For this purpose, a cell sur-
face biotinylation assay was performed. Transfected cells were
labeled by adding the non-membrane-permeating reagent
sulfo-N-hydroxysuccinimidobiotin. The cells were lysed, and
the H protein mutants were immunoprecipitated by an H-
specific monoclonal antibody (K83). The precipitates were
divided into two parts, separated on an SDS-10% polyacryl-
amide gel, and blotted to nitrocellulose. On one blot, biotin-
labeled H proteins were detected with streptavidin-peroxidase.
As shown in Fig. 6A, comparable amounts of Hyg,,, HcA1S,
and HcA20 were found on the surfaces of transfected cells. In
contrast, the surface expression levels of HcA21 and HcA24
were clearly decreased, confirming the flow cytometric analy-

TABLE 1. Surface expression of truncated H proteins

Protei % Positive Cell surface Cell Fusion promotion
rotein a b P e a
cells' expression fusion activity
Hegm 68.2 1.00 1.00 1.00
HcA15 64.2 0.93 1.12 1.20
HcA18 67.0 0.88 1.11 1.26
HcA20 62.6 0.93 1.13 1.21
HcA21 59.0 0.62 0.31 0.49
HcA24 58.7 0.63 0.09 0.14
HcA21-A 65.9 0.80 1.08 1.35
HcA24-4A 66.0 0.98 1.06 1.08

“ Determined by flow cytometry (Fig. 5).

® Derived from flow cytometry data (Fig. 5). Hgq,,, was set as 1.00.

¢ Normalized to positive cells. Hgg,,, was set as 1.00.

@ Cell fusion normalized to surface expression. Hyy,,, was set as 1.00.
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FIG. 6. Expression levels of standard and truncated H proteins
analyzed by cell surface biotinylation assay, Western blot analysis, and
metabolic labeling. Vero cells were transfected with plasmids carrying
the H genes indicated. At 24 h posttransfection, the cell surfaces were
labeled with biotin and lysed. After immunoprecipitation of the H
proteins, the samples were divided into two parts. Each was subjected
to SDS-PAGE and blotted to nitrocellulose. (A) One blot was incu-
bated with streptavidin-peroxidase to visualize surface-labeled H pro-
teins. (B) The second blot was stained with a polyclonal MV antiserum
and peroxidase-conjugated anti-rabbit immunoglobulins to detect the
total amount of H proteins. (C) Transfected cells were radiolabeled
with [**S]methionine and [**S]cysteine for 10 or 30 min, respectively.
After lysis, H was immunoprecipitated and separated on a 10% SDS
gel. (D) For pulse-chase analysis, cells were radiolabeled for 45 min
and then incubated in chase medium for 0, 90, or 180 min. Quantifi-
cation of the signals was performed using a Biolmager.

sis. Parallel staining of the second blot with a polyclonal an-
ti-MV antiserum and peroxidase-conjugated anti-rabbit immu-
noglobulins showed a similar decrease in the total amount of
HcA21 and HcA24 (Fig. 6B). To evaluate whether the reduced
expression level is due to rapid degradation of aberrantly
folded protein or to an overall decrease in H translation, cells
transfected with Hyy,,,, HCA21, and HcA24 were metabolically
labeled with **S-labeled Promix for different times (Fig. 6C).
After lysis, the H proteins were immunoprecipitated and sub-
jected to SDS-PAGE. Quantification of the radioactivity of the
precipitated proteins showed that the total amount of HcA21
and HcA24 synthesized in 10 and 30 min was clearly reduced
(only about 35% of the expression found for standard H pro-
tein). As shown in Fig. 6D, the pulse-chase analysis with Hg,,,
and HcA24 demonstrates similar stabilities of both proteins
(half-life, about 3 h). This strongly suggests that the reduced
expression levels of fusion-promotion-defective mutants is due
to a decrease in the translation level of H proteins with cyto-
plasmic tails of <14 residues.

To calculate the fusion helper activities of the truncation
mutants, we normalized the cell fusion of the mutant H pro-
teins to the amount of surface expression. This calculation
(Table 1, cell fusion and fusion promotion activity) shows that
even if HcA21 and HcA24 were expressed at wild-type levels,
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their fusion helper activities would be markedly reduced (0.49
and 0.14 versus 1.00 for standard H protein). This suggests that
besides its impact on the surface transport of the H protein, the
cytoplasmic domain also plays a direct role in fusion promo-
tion. Although HcA21 and HcA24 were expressed at similar
reduced levels, the calculated fusion promotion activity of
HcA24 was clearly lower. This indicates that further shortening
of the tail does not further increase impairment of H transla-
tion or intracellular degradation but increases the direct dele-
terious effect on the ability of the truncated H protein to
support fusion.

Receptor binding activities of H truncation mutants. The
receptor binding activity of the H protein can be monitored by
RBC binding (hemadsorption) to H protein-expressing cells
(20). In order to determine whether the defect in fusion helper
function is due to impaired receptor binding function, the
hemadsorption activities of fusion-promoting and fusion-de-
fective H mutants were analyzed. Figure 7A shows that RBC
were efficiently bound to the surfaces of cells transfected with
HcA20, HecA21, and HcA21-A. The binding was quantified by
lysing bound RBC and measuring the released hemoglobin.
The results shown in Fig. 7B (hemadsorption) demonstrate
that the decrease in surface expression of the H protein was
accompanied by a quantitative decrease in receptor binding of
the mutant-expressing cells (0.075 for HcA20 versus 0.045 for
HcA21). But when we normalized hemadsorption to surface
expression, we found the receptor binding activities of the
mutants to be almost equal (Fig. 7B, receptor binding activity).
This indicates that the tail truncations did not significantly
influence the receptor binding activities of the mutant H pro-
teins.

Generation of infectious glycoprotein tail-truncated MV re-
combinants from cloned DNA. Fusion of viral envelopes with
target cell membranes and fusion of cells with neighboring
cells are distinct processes which may have different require-
ments concerning the interaction with cellular components or
the lateral mobility of the viral glycoproteins, since the surface
densities of the viral glycoproteins in the virus envelope and
infected or transfected cells are different (13, 42). Therefore,
glycoprotein truncation mutants which promote cell-to-cell fu-
sion in the transient-expression assays do not necessarily me-
diate virus-cell fusion in the background of a standard MV
infection. To assess the importance of the H and F truncation
mutants for the replication of MV, recombinant viruses were
generated. cDNAs encoding the F and H variants were cloned
into a full-length MV genome plasmid. Only rMV genomes
harboring glycoprotein tail truncations differing in length from
standard H and F proteins by 2# amino acids were generated,
since they remained even multiples of 6 nucleotides, thus abid-
ing by the so-called rule of six found for MV and many other
paramyxoviruses (4, 37). To generate viruses, MV genome
plasmids were transfected into 293-3-46 helper cells in the
presence of a plasmid containing the gene for the MV poly-
merase. Recombinant viruses were rescued with the standard
protocol (37). Similar to tMVygy,,, TMV-FcA30 and rMV-
HcA20 could be successfully recovered on the first attempt.
Reverse transcription-PCR sequencing analysis confirmed that
the recombinant viruses encode glycoproteins with the respec-
tive deletions in the cytoplasmic tails. Rescue of infectious
rMV-HcA24 (four attempts), as well as recovery of rMV-
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Protein Hemadsorption 2 Receptc.)r.binding
activity
HcA20 0.076 0.081
HcA21 0.045 0.073
HcA21+A 0.060 0.074

2 Normalized to positive cells. ® Hemadsorption normalized to cell surface

expression.

FIG. 7. Hemadsorption of Vero cells transiently expressing truncated H proteins. (A) At 16 h posttransfection, cells were incubated for 1 h with
a 1% suspension of RBC. After removal of unbound erythrocytes by extensive washing, the cells were photographed using an inverted light
microscope. Magnification, X250. (B) To quantify hemadsorption, bound RBC were lysed and hemoglobin release was measured at As,,. Receptor
binding activity was calculated by normalizing hemadsorption to cell surface expression (Table 1).

HcA22 (four attempts), failed. This clearly shows that H trun-
cation mutants that did not support F-mediated cell-to-cell
fusion in our transient-expression assay did not allow the gen-
eration of infectious MV.

Replication of glycoprotein tail-truncated viruses in cul-
tured cells. By performing a plaque assay to titrate the virus
stocks of the rMV, differences in plaque sizes were noticed. As
shown in Fig. 8A, plaques formed at 33°C by rMV-HcA20 were
noticeably smaller than those found for standard MV, or
rMV-FcA30. This was also observed when the plaque assay was
carried out at 37°C (not shown). When we monitored the CPE
in cells infected with the three viruses at 24, 36, and 48 h p.i.,
we clearly observed differences. Syncytia induced by MV-
FcA30 and MV, are visible at 24 h p.i. In accordance with
what has been reported for rMV-FcA24 (7), syncytia formed in
rMV-FcA30-infected cells grew much faster than those in-
duced by standard MV, and began to detach at 36 h p.i. In
contrast to standard MV, and rMV-FcA30, rMV-HcA20
caused no visible CPE during the first 24 h. Then, within the
next 12 h small syncytia formed. Syncytia detected at 48 h p.i.
were still much smaller than those of rMV-FcA30 or MV,,, at
36 h p.i. Thus, the ability of rMV-HcA20 to induce syncytium
formation is severely reduced. rMV-HcA20 also showed dif-
ferences in multistep virus growth. For the growth curve ex-

periment shown in Fig. 9, Vero cells were infected with the
different rMVs at an MOI of 0.001 PFU/cell. At various times
p.i., the culture media were harvested and cell-associated vi-
ruses were isolated by one freezing-thawing cycle. Virus titers
were determined by plaque assay. In comparison to standard
MVi4,, and tMV-FcA30, the growth of rMV-HcA20 was de-
layed. Titers of both released and cell-associated rMV-HcA20
at early time points up to 48 h p.i. were detectably lower.
However, after multiple replication cycles (72 h p.i.), maximum
titers similar to those of standard MV were reached. This
indicates that despite the reduced ability to mediate cell-to-cell
fusion, rMV-HcA20 shows no substantial decrease in infec-
tious-virus production.

Colocalization of tail-truncated glycoproteins and M pro-
tein. Cathomen et al. (5, 7) proposed that M protein down-
regulates cell-to-cell fusion by binding to the cytoplasmic por-
tion of the H-F complex. In order to examine whether the
difference in fusion activity of our tail-truncated viruses is due
to a difference in the ability to interact with the M protein,
colocalization of M and the truncated glycoproteins on the
surfaces of rMV-HcA20- and rMV-FcA30-infected cells was
analyzed. At 30 h p.i., the surfaces of the unfixed cells were
labeled with a monoclonal anti-H antibody (Fig. 10A) or with
a monoclonal anti-F antibody (Fig. 10B) and a rhodamine-
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MVg4m, TMV-FcA30, or rMV-HcA20 were stained with crystal violet after 5 days of incubation at 33°C. (B) CPEs were monitored by phase-

contrast microscopy at different times p.i. Magnification, X 100.

conjugated secondary antibody. To visualize the M protein, the
cells were permeabilized and FITC-conjugated monoclonal an-
ti-M antibodies were added. In standard MV infection
(MVEggm), H and F clearly colocalized with M, whereas neither
H and M in rMV-HcA20-infected cells (Fig. 10A) nor F and M
in tMV-FcA30-infected cells (Fig. 10B) showed marked colo-
calization. This indicates that the differences in the fusion
activities of rMV-FcA30 and rMV-HcA20 are not due to dif-

ferences in the ability of the truncated glycoprotein to interact
with the M protein.

DISCUSSION

In recent years, much has been learned about the mecha-
nism of paramyxovirus-mediated cell fusion (19, 35, 39). In the
fusion process, the glycoproteins operate as a coupled molec-
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FIG. 9. Growth curve analysis of MV glycoprotein cytoplasmic-tail-
truncated rMV. Vero cells were infected with an MOI of 0.001 PFU/
cell, and the culture medium (dashed lines) and the cells (solid lines)
were harvested after incubation at 33°C for the indicated times. To
obtain cell-associated viruses, cells were subjected to one freezing-
thawing cycle. Virus titers were determined by plaque assay. Growth
curves of MV, (m), rMV-FcA30 (@), and rMV-HcA20 (A) are
shown. The values plotted represent averages of results from two
experiments.

ular scaffold to release and direct the fusion peptide to the
target membrane. Accordingly, binding of the MV H protein
to the cellular receptor (CD46 or SLAM) is a prerequisite to
draw the membranes into juxtaposition for the fusion process
to begin. It has been suggested that a conformational change in
the H protein after receptor binding triggers a conformational
change in F to release the fusion peptide, which inserts into the
target membrane and induces the merging of the membranes.
The role of MV H protein is more than a nonspecific attach-
ment function. The sequential conformational changes very
likely require precise lateral interactions between H and F
oligomers (51). As in other paramyxoviruses, these interaction
domains appear to be located in the ectodomains of the pro-
teins. Here, part of the cysteine-rich region (amino acids 337 to
381) in the F protein and amino acid 98 in the stalk region of
H are known to be required for the formation of fusion-active
H-F complexes (15, 56). The data presented here make it clear
that not only are regions in the ectodomain of H required but
a minimal length of the H cytoplasmic tail is also crucial for the
formation of adequate amounts of fusion-competent glycopro-
tein complexes. Since fusion competence is essential for MV
infectivity, successful generation of recombinant MV requires
an H protein with at least 14 cytoplasmic amino acids.

Our results show that the cytoplasmic tail of the F protein is
not required for fusion in the transient-expression assay. Oli-
gomerization, proteolytic cleavage, and interaction with the H
protein appear not to be affected by the F tail truncation. In
this regard, MV F resembles the F protein of human parain-
fluenza virus type 2 (HPIV-2) but differs from the F protein of
HPIV-3, simian virus 5, and Newcastle disease virus (NDV) (1,
43, 58).

The cytoplasmic tails of integral membrane proteins are
exposed at the cytoplasmic face of the ER membrane and thus
may interact with cellular proteins that promote or delay the
intracellular transport process. Deletions in the cytoplasmic
portions of viral glycoproteins can have small, but also drastic,
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effects on intracellular transport and surface expression (1, 28,
32, 38, 45, 48, 57, 58). As we have shown here, deletions in the
cytoplasmic tails of the MV glycoproteins can also have differ-
ent effects on the biological functions of the proteins. F tail
deletions did not remarkably affect the biological activity of the
protein. In contrast, truncation of the H cytoplasmic tail was
only tolerated up to 20 amino acids and further truncation
severely affected translation efficiency. De novo synthesis of H
truncation mutants with cytoplasmic tails of <14 residues was
clearly reduced, and steady-state cell surface expression was
only about 60% of the expression observed with standard H
protein.

There are major differences among the paramyxoviruses in
the relative importance of a proper ratio between F and HN
proteins needed for efficient fusion promotion. Simian virus 5
F protein can promote fusion even in the absence of HN
protein (1). In contrast, the ratio of the two surface glycopro-
teins directly affects fusion of HPIV-3. The extent of fusion was
found to increase with increasing densities of HPIV-3 HN until
F trimers and HN tetramers were present in equimolar ratios
similar to that found in infected cells (10). Our data indicate
that for MV as well, sufficient quantities of H on the surface
are required for F-mediated fusion.

A decrease in surface expression of the H protein was ac-
companied by a comparable decrease in receptor binding,
whereas fusion promotion decreased disproportionately. As
there were relatively large amounts of H protein present on the
surface at even the lowest surface density observed yet fusion
was not observed, we propose that a threshold local density of
H protein must be present to allow sufficient receptor interac-
tions and to have sufficient accumulation of H-F complexes in
the region of contact. To ensure sufficient local density of H on
the cell surface, the H cytoplasmic tail must have at least 14
amino acids. Similar to MV H, substantial truncation of the
NDYV HN cytoplasmic tail resulted in clearly decreased surface
expression (44), but in contrast to what we found when we
normalized the fusion promotion activity of the MV H trun-
cation mutants HcA21 and HcA24 to surface expression (49
and 14% of standard H activity), the NDV HN truncation
mutant had a calculated fusion promotion activity of 213%
compared with wild-type activity. This indicates that truncation
of the MV H tail, but not that of the NDV HN protein, directly
affects the fusion helper function of the attachment protein.

MV glycoproteins show lateral mobility on the surfaces of
infected cells (21). This mobility is probably required to enable
several such proteins to associate into active fusogenic entities.
H proteins with <14 cytoplasmic amino acids might have de-
creased ability to undergo lateral redistribution so that the
formation of fusion pore complexes is inhibited. Alternatively,
the direct influence of a cytoplasmic-tail truncation on the
fusion promotion activity of surface-expressed H protein might
be due to a conformational change in the ectodomain or the
transmembrane domain, affecting the membrane-proximal re-
gion in the ectodomain that is required for efficient H-F inter-
action and/or tetramerization of H. There is some evidence
that the transmembrane domain and/or the cytoplasmic por-
tion of paramyxovirus H/HN proteins is involved in the tet-
rameric structure, which in turn may be crucial for the biolog-
ical activity of the proteins (33, 50, 58). If such changes in H-F
interaction and/or H tetramerization are induced by H tail



7184 MOLL ET AL.

A

MVeam rMV-HcA20

J. VIROL.

MV, rMV-FcA30

o
g ,.";p%
3 . A
& »
. >
{ s
A ¥ . =
s k’?’ * b
"y

FIG. 10. Colocalization of M with the viral glycoproteins in rMV-infected cells. Vero cells were infected in the presence of a fusion-inhibitory
peptide with MV, IMV-FcA30, or rMV-HcA20. At 30 h p.i., double immunostaining of the H and M proteins (A) or F and M proteins (B) was
performed using either a monoclonal anti-F antibody or a monoclonal anti-H antibody and a rhodamine-conjugated secondary antibody followed
by permeabilization and incubation with a FITC-conjugated anti-M antibody. Magnification, X1,000.

truncations, they obviously affect only fusion promotion activ-
ity. Receptor binding activities of HcA21 and HcA24 expressed
on the cell surface were clearly not reduced. Whatever this
more direct negative effect(s) on fusion promotion is due to, it
only enhances the drastic negative effect which the tail trun-
cations have on the surface expression of H.

In MV-infected cells, H and F tails are known to downregu-
late cell fusion by binding to the viral M protein. Consequently,
truncations of the tails increase the fusion competence of the
mutated viruses due to an impairment of the glycoprotein M
interaction. This model was mainly based on observations
made with SSPE strains and the corresponding tMVs (7).
Supporting this model, our virus mutant rMV-FcA30 showed
an enhanced fusion competence. Unexpectedly, rMV-HcA20
did not. Here, cell fusion capacity was found to be reduced,
although H-M interaction was impaired. It could be speculated
that in MV-HcA20-infected cells, H truncation not only im-
paired the interaction with M but also the interaction with
cellular components enhancing MV-mediated cell fusion. Mol-
ecules promoting or hindering virus cell entry or fusion have
been described for other paramyxoviruses, such as Sendai virus

and NDV (18, 31). Interaction of the H tail with such a cellu-
lar-fusion-enhancing component appeared to be required only
for virus-induced cell fusion, since HcA20 induced cell fusion
in the transient expression assay as efficiently as standard H
protein.

Our data emphasize that the influence of cytoplasmic-tail
truncations on the biological activities of paramyxovirus pro-
teins cannot be predicted. We have shown that the cytoplasmic
tail of one MV envelope protein (F) is not required for surface
expression and functionality. On the other hand, one amino
acid more or less in the cytoplasmic tail of the second envelope
protein (H) can make a decisive difference in the protein
expression level, which in turn is crucial for the biological
activities. Whereas a slightly reduced surface expression of H
proportionally reduced the binding of H to cellular receptors,
promotion of F-mediated cell fusion was completely abolished,
thereby preventing the generation of infectious rMV.
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